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Inelastic and transfer reactions
Rotational alignments
Higher-order deformations
Fast-rotating N = 151 isotones 245Pu, 247Cm and 249Cf have been studied through inelastic excitation and 
transfer reactions with radioactive targets. While all have a ground-state band built on a ν j15/2[734]9/2−
Nilsson conﬁguration, new excited bands have also been observed in each isotone. These odd-N excited 
bands allow a comparison of the alignment behavior for two different conﬁgurations, where the ν j15/2
alignment is either blocked or allowed. The effect of higher order deformations is explored through 
cranking calculations, which help clarify the elusive nature of ν j15/2 alignments.
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SCOAP3.The spectrum of single-particle energies in very heavy and su-
perheavy nuclei is a key to understanding their surprising sta-
bility and robustness. The exact sequence of levels and the gaps 
between them are responsible for both static properties, such 
as ground-state deformation, moments and spins, as well as dy-
namic properties like rotational inertia and pair ﬁelds. While the 
static aspects of very heavy nuclei close to their deformed ground 
states have been the primary focus for decades, studied through 
α- and β-decay and light-ion transfer reactions, recent techniques 
have allowed us to explore the nuclear dynamics and study nu-
clei under signiﬁcant rotational stress. New experimental data in 
deformed heavy actinides near Z ≈ 100 and A ≈ 250 have pro-
vided many surprises and challenges to theory. Part of the stim-
ulation stems from the fact that deformation and rotation draw
levels from above the next magic spherical shell gaps thought to 
stabilize superheavy nuclei into the experimentally accessible do-
main. Lacking a true ab initio theory, there has been intense effort 
in empirical modeling. These include macroscopic–microscopic ap-
proaches with cranked mean ﬁeld potentials [1,2], self-consistent  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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[4] forces, relativistic density functional theories [5,6], and pro-
jected shell models [7].
One unresolved issue in these very heavy systems under ro-
tational stress surrounds neutron alignment. In general, rotations 
built on states with the highest intrinsic angular momentum ex-
hibit the most dramatic variation due to the Coriolis force. For 
example, the alignment of protons occupying the i13/2 orbit in 
plutonium isotopes is well known [8]. One might expect that for 
neutrons, which ﬁll the next major shell, the occupancy of the 
j15/2 orbit would be similarly dramatic and clear. Surprisingly, at 
present, there is no clear evidence for this alignment, despite it 
being anticipated in “standard” cranking calculations [9,10]. Ob-
taining new information on neutron alignments is the goal of the 
current research. Conceptually, studying odd-N systems is the best 
way to investigate such effects for neutrons, as the presence of the 
odd particle in different orbits can either allow or block alignment. 
Such studies turn out to be extremely diﬃcult experimentally, as 
the cross sections for high-spin excitations are low, and the very 
fact that odd-A nuclei have many bands means that the population 
is distributed into several rotational sequences with near-identical 
level spacings, and, consequently, identical de-exciting γ decays at 
low energies. This, combined with the need to use radioactive tar-
gets, and the fact that internal conversion suppresses low-energy 
γ -ray emission, presents a daunting challenge which can only be 
approached with the most sophisticated instruments in our arse-
nal.
Prior to the present work, only ground-state bands were known 
up to high spins for the N ≥ 150 odd-A nuclei 247,249Cm (Z = 96) 
[10], 249Cf (Z = 98) [10], 253No (Z = 102) [11,12], 251Md (Z = 101) 
[13] and 255Lr (Z = 103) [14]. For populating high-spin states in 
transfermium (Z ≥ 100) nuclei, fusion–evaporation reactions are 
the only choice, where typical cross sections are of the order of 
sub-microbarns to nanobarns. For (94 ≤ Z ≤ 98) transplutonium 
nuclei, inelastic and transfer reactions with radioactive targets and 
heavy-ion beams provide a viable alternative, with cross sections 
of the order of tens of millibarns for the inelastic channels, with 
roughly an order of magnitude drop for each neutron transfer. The 
relatively higher cross sections compared to fusion reactions are 
somewhat offset by signal-to-noise challenges from the intense 
γ -ray background from the radioactive targets themselves, ﬁssion 
competition, highly fragmented population of multiple channels, as 
well as strong excitations of the substrate on which the radioactive 
targets are deposited (such as 197Au). Nevertheless, inelastic and 
transfer reactions provide a complementary and more comprehen-
sive exploration of the physics of the highest neutron orbitals.
For N = 151 nuclei, limited spectroscopic information exists for 
245Pu (Z = 94) [15], although no well-developed rotational bands 
had been reported, and while multiple quasi-particle level ener-
gies in 247Cm and 249Cf [16,17] have been extracted from decay 
studies, only ground-state bands have been observed to date [10]. 
In the present work, we report new results on rotational bands 
in 245Pu built on the ν[734]9/2− and ν[624]7/2+ single-neutron 
conﬁgurations of j15/2 and 2g9/2 parentage, respectively, as well as 
new rotational bands in 247Cm and 249Cf built on the ν[622]5/2+
conﬁguration of i11/2 parentage (Fig. 1). This is the ﬁrst time high-
spin rotational bands that are not built on the j15/2 neutron orbital 
have been observed in these even-Z , N = 151 systems and unam-
biguously identiﬁed from M1/E2 branching ratios.
The experimental data were obtained in three experiments us-
ing radioactive 244Pu, 248Cm and 249Cf targets. A 208Pb beam was 
used with the 244Pu and 249Cf targets, and a 209Bi beam with 
248Cm, at energies ∼ 15% above the Coulomb barrier. High-spin 
states were populated in 242–246Pu, 246–250Cm and 248–250Cf [18]. 
All experiments were performed at Argonne National Laboratory, Fig. 1. Partial level schemes obtained in the present work of N = 151 isotones 245Pu 
(top) and 247Cm (middle) and 249Cf (bottom). The ground-state bands in 247Cm and 
249Cf were observed previously [10]. Brackets denote estimated energies for unob-
served γ rays (see text).
S.S. Hota et al. / Physics Letters B 739 (2014) 13–18 15where heavy-ion beams from the ATLAS accelerator were used to 
bombard radioactive targets sandwiched between layers of 197Au 
(≈ 150 μg/cm2 in front and ≈ 50 mg/cm2 in the back) to pre-
vent contamination of the target chamber. The γ rays emitted 
from both target-like and projectile-like fragments were detected 
by the 101 Compton-suppressed, high-purity germanium detec-
tors of the Gammasphere spectrometer [19,20]. Events within the 
≈ 1 μs standard coincidence time window of Gammasphere were 
recorded with a three-fold trigger condition. Details of the 248Cm 
experiment can be found in Ref. [21]. The data were sorted into 
symmetric γ –γ –γ energy coincidence cubes, using a prompt time 
gate of ≈ ±25 ns as well as optimized gates on multiplicity and 
γ -ray sum energy, which signiﬁcantly improved the channel se-
lection. The data were analyzed subsequently using the RADWARE 
suite of codes [22]. Proper background subtraction of random co-
incidences was critical for the removal of contamination from the 
spectra, which were dominated by intense peaks from inelastic ex-
citation or transfer on 197Au. Cross-coincidence relationships with 
binary reaction partners, x–γ coincidences, and band search tech-
niques were used to construct the level schemes shown in Fig. 1. 
The ground-state bands in 247Cm and 249Cf were observed pre-
viously [10]. In all three nuclei, the lowest E2 γ rays in each 
sequence are highly converted and have not been observed. These 
unobserved transition energies are estimated to within ≈ 2 keV
using a conventional quadratic ﬁt to an E vs I(I + 1) plot.
Two rotational bands, with both signature partners, were iden-
tiﬁed in 245Pu. Cross-coincidence relationships with Pu x rays 
as well as with γ rays from the one-neutron-transfer partner 
207Pb corroborate the assignment of both band structures to 245Pu. 
The stronger one is consistent with the expected properties of 
the ground-state band in this nucleus (Fig. 2a). Extracted |(gK −
gR)/Q0| values from measured M1/E2 branching ratios, using val-
ues of gR = 0.8(Z/A) ≈ 0.31 and Q0 = 12 eb typical for the re-
gion [23], agree well with expectations for a sequence based on 
a ν[734]9/2− conﬁguration (Fig. 3). The 15/2− state, placed at an 
excitation energy of 222 keV in an earlier transfer reaction [15], 
is used to anchor both signatures of the band. The systematics of 
ground-state bands in N = 151 nuclei, built on the ν[734]9/2− or-
bital, previously observed in 247Cm (Z = 96), 249Cf (Z = 98) [10]
and 253No (Z = 102) (an assignment in 253No [11] was later re-
vised [12]), is now extended to 245Pu (Z = 94). A second weaker 
sequence is observed in 245Pu (Fig. 2b), with stretched-E2 tran-
sitions very similar to those of the ground-state band, except for 
the lowest and highest γ -ray energies observed. Coincidence with 
a 194-keV transition for both signatures differentiates this weaker 
band from the ground-state one. A ﬁrst-excited ν[624]7/2+ level 
with a 194-keV E1 decay to the ν[734]9/2− ground state, as well 
as a 9/2+ state in this sequence at 251 keV, observed in the ear-
lier study [15], is used to assign a ν[624]7/2+ conﬁguration for 
the bandhead, and anchor the unfavored signature partner. No sta-
tistically signiﬁcant M1 transitions were observed between the two 
signature partners: this is also consistent with expectations for a 
ν[624]7/2+ conﬁguration.
From the 209Bi + 248Cm data, a new band structure is observed 
in 247Cm, coincident with excitations in the one-neutron trans-
fer reaction partner 210Bi (Fig. 4a). Similarly, from the 208Pb +
249Cf data, a new band structure is also seen in 249Cf, coinci-
dent with excitations of the 208Pb beam (Fig. 4b). In both nuclei, 
previous work had established only the ground-state bands up 
to high spin [10]. In the new sequences, stretched-E2 transitions 
from both signature partners, as well as the inter-connecting M1 
transitions, are observed, with multiple near-identical transition 
energies in the two nuclei. Extracted |(gK − gR)/Q0| values from 
M1/E2 branching ratios strongly suggest that both bands are built 
on known isomeric ν[622]5/2+ conﬁgurations (Fig. 2). In previous Fig. 2. (Color online.) (a) The ground-state band spectrum of 245Pu, from sums 
of coincidence gates on E2 band transitions with Pu x rays (the inset shows the 
highest transitions in the favored signature). The different y-scales on the left and 
right correspond to the regions separated by the vertical dashed line at ≈ 140 keV. 
(b) Spectrum of the excited band in 245Pu, from double gates on Pu x rays and the 
194-keV transition (see Fig. 1 and text). Both bands are coincident with the 570-keV 
transition of the 207Pb reaction partner. The 194-keV peak in (a) is a contaminant 
that arises from multiple near-identical transitions in the ground (a) and excited (b) 
bands.
Fig. 3. (Color online.) Measured |(gK − gR )/Q0| ratios for the ground-state band in 
245Pu, and excited bands in 247Cm and 249Cf. Expected values are shown for the 
three lowest neutron conﬁgurations ν[734]9/2− , ν[624]7/2+ and ν[622]5/2+ (see 
text for details).
decay studies, these states were observed in 247Cm and 249Cf at 
excitation energies of 227 keV (t1/2 = 26 μs) [16] and 145 keV 
(t1/2 = 45 μs) [17,24], respectively. The same studies place the 
9/2+ → 5/2+ transition at 91 keV in 247Cm [16], and 98 keV in 
249Cf [17]. The 7/2+ states, also observed in the previous work 
[16,17], anchor the placement of the unfavored signature partner. 
The isomeric decays of the bandheads are not observed in the 
present prompt spectroscopy.
16 S.S. Hota et al. / Physics Letters B 739 (2014) 13–18Fig. 4. (Color online.) Spectra of new bands in (a) 247Cm and (b) 249Cf, from sums 
of coincidence gates on E2 band transitions with corresponding x rays. The bands 
are coincident with transitions in the respective reaction partners 210Bi and 208Pb. 
The different y-scales on the left and right correspond to the regions separated by 
the vertical dashed line at ≈ 140 keV.
The measured energies are used to plot the angular momentum 
contributions along the collective rotation axis from unpaired nu-
cleons (Fig. 5), and to compare these with their respective N = 150
even–even cores. Individual Harris parameters [25] are used, cho-
sen such that zero alignment characterizes the even cores at low 
frequencies. For the N = 151 nuclei, an average of the param-
eter values of the even-N neighbors is adopted. The following 
key observations emerge from the data. In 245Pu, by the time ro-
tation frequencies of ≈ 0.2 MeV are reached, the alignment in 
the ground-state band, built on a ν j15/2 neutron conﬁguration, 
saturates at ≈ 2h¯, while that in the ν[624]7/2+ band reaches 
≈ 1h¯ (Fig. 5a). Both bands, built on different neutron orbitals, ex-
hibit strong upbends at exactly the same frequency (≈ 0.23 MeV), 
where the even–even 244Pu core also undergoes a full alignment 
gain of ≈ 10h¯, strongly suggesting a common proton pair align-
ment in all three cases. In 247Cm, the low frequency behavior is 
similar to that in 245Pu, and both the ν j15/2 ground-state band 
and the new ν[622]5/2+ sequence show alignment gains beyond 
a frequency of 0.2 MeV, with a somewhat sharper upbend for the 
latter, again tracking approximately the strong, but more gradual 
upbend observed in the even–even 246Cm core (Fig. 5b). Although 
the full alignment is not mapped out in the Cm isotopes, the 246Cm 
data suggest an alignment frequency of ≈ 0.24 MeV. In 249Cf, the 
low-frequency behavior for the ν j15/2 ground-state band is again 
similar to that of the even–even 248Cf core [18], where the sharp 
backbend and upbend observed in the lighter isotones is replaced 
by a less than ≈ 1h¯ alignment gain up to a frequency of 0.27 MeV. 
The ν[622]5/2+ band exhibits a much more gradual rise compared 
to the saturations observed in the Pu and Cm isotones (Fig. 5c), but 
overtakes the ﬂatter alignment curve of the ν[734]9/2− ground-
state band at a frequency around 0.23 MeV.
In N = 151 isotones, the j15/2 neutron crossing is blocked in 
the ground-state band by the odd neutron in the ν[734]9/2− state, 
but is allowed for the ν[624]7/2+ and ν[622]5/2+ bands, which 
are of 2g9/2 and 1i11/2 parentage. The i13/2 proton crossing, how-Fig. 5. (Color online.) Experimental alignment for the new bands observed in 
(a) 245Pu, (b) 247Cm and (c) 249Cf, compared with ground-state bands of even–
even neighbors. Level schemes for the even–even nuclei constructed from present 
data [18] either reproduced or extended earlier work in 244Pu [8], 246Cm [26], 
and 248Cf [27]. Individual Harris parameters used are J0 = 65, 65, 70, 69, 72, 71
h¯2 MeV−1 and J1 = 329, 302, 348, 336, 271, 337 h¯4 MeV−3 for 244,245Pu, 246,247Cm 
and 248,249Cf, respectively.
ever, is possible for all N = 151 bands, irrespective of the neu-
tron conﬁguration. Comparing the excited band behavior to that 
of the ground band suggests a common alignment of i13/2 pro-
tons in 245Pu and 247Cm. Against the strong “background” of early 
proton alignments in 245Pu and 247Cm, it would be diﬃcult to 
extract the weak signal of any underlying neutron alignment. In 
249Cf, however, the ν j15/2 trajectory continues to remain ﬂat up to 
the highest observed frequency of 0.27 MeV, suggesting a delayed 
proton alignment. Here, the noticeable uptick of the ν[622]5/2+
band, in contrast to the ﬂat behavior of the ν[734]9/2− band 
where the ν j15/2 alignment is blocked, could herald the onset of 
j15/2 neutron alignment contributions in 249Cf at a frequency of 
≈ 0.23 MeV.
To test the eﬃcacy of available theory, we compare these 
new results with cranked Woods–Saxon (WS) predictions. While 
WS calculations reproduce single-particle level energies in A ≈
250 nuclei reasonably well, their prediction that j15/2 neutrons 
align ﬁrst, contrary to experimental observations, remains a long-
standing puzzle [9]. Two sets of cranking calculations have been 
performed using the universal parameterization of a deformed, 
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and protons (red), with β6 (solid) and without β6 (dashed) deformation. Dots de-
note experimental alignment frequencies for protons.
axially-symmetric WS potential [28], one with β2 and β4 defor-
mations only, and the other including the higher order β6 de-
formation, which has been shown to be signiﬁcant in this mass 
region [29]. In each case, the axial deformation parameters were 
ﬁxed at the values that minimized the ground-state energy [29], 
and the pair gaps were ﬁxed at the value obtained from ﬁve point 
odd–even mass differences [30,31].
The predicted alignment frequencies with and without β6 de-
formation are compared to experimental data in Fig. 6. The inclu-
sion of β6 lowers the predicted proton alignment frequencies by 
≈ 0.03 MeV in 245Pu, while raising the neutron alignment ones 
by ≈ 0.015 MeV. Without β6, the proton alignment is predicted 
to occur after the neutron one for all three nuclei, in conﬂict with 
experimental observations. The inclusion of β6 deformation effec-
tively switches the order of the two alignments in both 245Pu and 
247Cm, and brings the predictions in line with experimental obser-
vations. The “earlier” proton alignment would effectively mask the 
onset of any neutron alignment in the current data. The qualita-
tive results are found to not be very sensitive to reductions of up 
to 20% in the pairing strengths. In 249Cf, the inclusion of β6 seems 
to have less impact on the proton alignment, and the j15/2 neu-
trons are predicted to align earlier than the i13/2 protons, which 
appears to be consistent with the trends observed in the present 
data. For a more comprehensive understanding of the high-spin 
behavior of 249Cf, other well-known effects, such as octupole cor-
relations [32] and increased interaction strengths predicted in WS 
calculations between ground and aligned bands, would need to be 
included. It should be noted that the inclusion of the higher order 
β6 deformation has provided improved agreements with other ex-
perimental data in this region for Z > 100 nuclei including: high-K 
isomer energies in 254No [33–35], and differences in rotational be-
haviors of 252No and 254No in Total Routhian Surface calculations 
[36]. Our present work conﬁrms that, even in the 94 ≤ Z ≤ 98 nu-
clei, inclusion of β6 deformation helps to resolve the longstanding 
puzzle that WS calculations always predict neutrons to align before 
protons in this region, contrary to experimental evidence.
Recent calculations of pairing and alignments in heavy actinides 
using cranked relativistic Hartree–Bogoliubov theory with Lipkin–
Nogami pairing [5], as well as cranked Nilsson potentials with a 
particle-number-conserving treatment of pairing correlations [2], 
have been tested against previously available rotational excitations 
built on ground-state band conﬁgurations in 247Cm and 249Cf. The 
theories concur that the alignment contributions in the ground-
state bands come primarily from i13/2 protons. This is expected, as the j15/2 neutron contributions are blocked for this conﬁgura-
tion. It would be of interest to test the predictions of these models 
against these new data on excited state conﬁgurations, where the 
j15/2 neutron contributions are not blocked.
In conclusion, four new rotational bands have been identiﬁed 
up to high spins in odd-A, N = 151 245Pu, 247Cm and 249Cf nuclei. 
The ground-state band in 245Pu, built on the expected ν[734]9/2−
conﬁguration, and rotational bands built on excited state conﬁgu-
rations, ν[624]7/2+ in 245Pu and ν[622]5/2+ in 247Cm and 249Cf, 
have been observed to high spins for the ﬁrst time, with mea-
sured branching ratios conﬁrming the conﬁguration assignments. 
In each of the three N = 151 nuclei, the high-spin behavior of 
two conﬁgurations is mapped, where j15/2 neutron alignments 
are either blocked or allowed. The (Cranked) WS model accounts 
for our high-spin observations, consolidating its general ability to 
satisfactorily explain a broad range of data. In particular, with 
the inclusion of β6 deformation, it resolves a longstanding puz-
zle by explaining that protons align at lower frequencies compared 
to neutrons in 245Pu and 247Cm. However, the experimental elu-
siveness of predicted ν j15/2 alignments needs further investiga-
tion. Mapping complete alignments to higher rotational frequen-
cies would provide further constraints for the competing theories 
that attempt a comprehensive theoretical description of the heavi-
est nuclei.
Acknowledgements
Fruitful discussions with S. Frauendorf are gratefully acknowl-
edged. We also acknowledge the trans-plutonium element pro-
duction facilities at Oak Ridge National Laboratory, supported 
by the Oﬃce of Basic Energy Science, U.S. Department of En-
ergy, for providing isotopes for the targets. This material is based 
upon work supported by the U.S. Department of Energy, Oﬃce 
of Science, Oﬃce of Nuclear Physics, under award numbers DE-
FG02-94ER40848 and DE-FG02-94ER40834, and contract number 
DE-AC02-06CH11357, and the National Science Foundation under 
Grant number PHY-1203100. This research used resources of ANL’s 
ATLAS facility, which is a DOE Oﬃce of Science user facility.
References
[1] S. C´wiok, et al., Nucl. Phys. A 611 (1996) 211.
[2] Z.-H. Zhang, et al., Phys. Rev. C 83 (2011) 011304(R).
[3] M. Bender, et al., Nucl. Phys. A 723 (2003) 354.
[4] J.-P. Delaroche, et al., Nucl. Phys. A 771 (2006) 103.
[5] A.V. Afanasjev, O. Abdurazakov, Phys. Rev. C 88 (2013) 014320.
[6] A.V. Afanasjev, Phys. Scr. 89 (2014) 054001.
[7] F. Al-Khudair, et al., Phys. Rev. C 79 (2009) 034320.
[8] I. Wiedenhöver, et al., Phys. Rev. Lett. 83 (1999) 2143.
[9] K. Abu Saleem, et al., Phys. Rev. C 70 (2004) 024310.
[10] S.K. Tandel, et al., Phys. Rev. C 82 (2010) 041301(R).
[11] P. Reiter, et al., Phys. Rev. Lett. 95 (2005) 032501.
[12] R.-D. Herzberg, et al., Eur. Phys. J. A 42 (2009) 333.
[13] A. Chatillon, et al., Phys. Rev. Lett. 98 (2007) 132503.
[14] S. Ketelhut, et al., Phys. Rev. Lett. 102 (2009) 212501.
[15] H. Makii, et al., Phys. Rev. C 76 (2007) 061301(R).
[16] I. Ahmad, et al., Phys. Rev. C 68 (2003) 044306.
[17] I. Ahmad, et al., Phys. Rev. C 14 (1976) 218.
[18] S.S. Hota, PhD thesis, U. Massachusetts Lowell, MA, USA, 2012.
[19] I.-Yang Lee, Nucl. Phys. A 520 (1990) c641.
[20] R.V.F. Janssens, F.S. Stephens, Nucl. Phys. News 6 (1996) 9.
[21] U. Shirwadkar, PhD thesis, U. Massachusetts Lowell, MA, USA, 2009.
[22] D.C. Radford, Nucl. Instrum. Methods Phys. Res., Sect. A 361 (1995) 306.
[23] S. Raman, et al., At. Data Nucl. Data Tables 78 (2001) 1.
[24] I. Ahmad, et al., Phys. Rev. 164 (1967) 1537.
[25] S.M. Harris, Phys. Rev. 138 (1965) B509.
[26] K. Abu Saleem, PhD thesis, Illinois Inst. of Technology, IL, USA, 2002.
[27] R. Takahashi, et al., Phys. Rev. C 81 (2010) 057303.
[28] S. C´wiok, et al., Comput. Phys. Commun. 46 (1987) 379.
[29] A. Sobiczewski, et al., Phys. Rev. C 63 (2001) 034306.
[30] P. Möller, J.R. Nix, Nucl. Phys. A 536 (1992) 20.
18 S.S. Hota et al. / Physics Letters B 739 (2014) 13–18[31] G. Audi, et al., Chin. Phys. C 36 (12) (2012) 1287.
[32] X. Wang, et al., Phys. Rev. Lett. 102 (2009) 122501.
[33] S.K. Tandel, et al., Phys. Rev. Lett. 97 (2006) 082502.[34] A.P. Robinson, et al., Phys. Rev. C 78 (2008) 0034308.
[35] H.L. Liu, et al., Phys. Rev. C 83 (2011) 011303(R).
[36] H.L. Liu, et al., Phys. Rev. C 86 (2012) 011301(R).
